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The work on experimental rickets which has been conducted in this 
laboratory during the  past 2 years has included an investigation into' 
the nature of the active curative principle contained in cod liver oil. 
A large series of variously prepared fractions has been tested for cura- 
tive activity on rats previously rendered rachitic.  As a result of this 
work, material has accumulated which discloses in an interesting way 
the sequence of changes which accompanies the restoration of rachitic 
bone to an approximately normal condition.  It is the purpose of this 
article to describe these changes, leaving the problem as to the chemi- 
cal nature of the active substance of the cod liver oil, which is still 
under investigation, for future publication. 
Shipley, Park, McCollum, Simmonds, and Parsons (1) first reported that the 
administration of cod liver oil to rats made rachitic by Diets 2538 and 2577, 
"deficient in the so called fat-soluble A, or in both that substance and calcium,"' 
leads to a rapid deposition of calcium salts between the cells of the proliferative 
zone of cartilage.  Seven  treated animals were studied, the period of treatment 
varying from 2 to 8 days, and of these, six showed a definite reaction.  Only the 
earlier stages of the reparative process are, therefore, considered  in their paper. 
* This work was done under a grant from the Commonwealth  Fund. 
t A  preliminary  communication of  this  work has  been recently published 
(Zucker, T.  F., Pappenheimer, A. M., and Barnett,  l~., Proc. Soc. Exp. Biol. 
and Me~., 1921-22, xix, 157). 
* Shipley, Park, i%IcCollum,  Simmonds,  and Parsons (1), p. 344. 
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In a second paper, McCollum, Simmonds,  Shipley, and Park (2) have elaborated 
these observations into a biological test for calcinm-depositing  substances.  The 
rickets-producing diet  recommended is  No.  3143, described as  containing  an 
abundance of protein of good quality, approximately twice the optimal calcium 
content, fat-soluble A in quantity sufficient to ensure transient  growth and to 
prevent xerophthalmia, but in its phosphorus content, distinctly below the optimal 
requirement.  On this diet, the cartilage is rendered wholly calcium-free,  and the 
metaphysis only exceptionally contains a few calcified areas.  The administra- 
tion of cod liver oil in sufficient  quantity to rats thus rendered rachitic is followed 
by a recalcification of the cartilage, which may be complete within 5 days.  A 
method for the macroscopic  study of this healing is described. 
The material for the present study consists of sections of ribs of 
52  treated rats,  together with numerous untreated rachitic  controls 
and normal animals.  We have also examined sections through  the 
knee joints, including the lower epiphysis of the femur and the upper 
epiphysis of the  tibia.  In  our experience, the  changes in  the  ribs 
are more easily followed, and there is the advantage that the period of 
decalcification can be materially shortened. 
The routine method of fixation and staining described in  previous 
papers (3, 4)  was  employed.  Diet  84, described  by  Sherman  and 
Pappenheimer (3), has been found satisfactory for therapeutic tests in 
that the preparatory cartilage remains permanently calcium-free for 
a  period of at least 2 months, even when growth remains stationary 
(Figs. 3 to 5).  When, however, as exceptionally happens, no growth 
has occurred during the earlier weeks, the rachitic lesions are apt to 
be very poorly developed and such animals are unsuitable for curative 
experiments.  Furthermore, as shown by Hess, Unger, and Pappen- 
helmet (5), the addition of even 25 rag. of phosphorus in the form of 
K~HPO4  leads  eventually  to  spontaneous  healing.  We  have  also 
observed that rapid loss of weight, especially when associated with 
diarrhea, favors the deposition of calcium.  This is comparable to the 
effect of complete starvation, as described by McCollum, Simmonds, 
Shipley, and Park  (6).  On Diet 84,  the rachitic lesions are always 
well marked in animals which have shown fair growth.  Even when 
the weight curve is stationary or declining, there is no tendency to 
spontaneous healing,  and  the  changes to  be described may, with a 
considerable degree of certainty, be  ascribed  to  the curative agent 
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In order to follow these curative changes in detail, it is advisable 
to describe first the appearances found in ribs of (a)  normal animals 
on complete diet; (b) non-rachitic rats which because of inadequate 
diet, or for other reasons, have failed to grow normally; and (c) rats on 
the rickets-producing diet (No. 84). 
Normal Ribs from Healthy Rats of Approximately 100 to 150 Gin. 
Weight, 2 to 3 Months Old (Figs. 1 and 2). 
The  costal  cartilage is  calcified in the  central portion  to within 
roughly 0.5  ram. of the epiphyseal line.  The resting cartilage pre- 
sents no peculiarities.  The proliferating cartilage zone  (Pr) begins 
abruptly, the cells become aligned in orderly columns, separated by 
abundant,  bluish  stalnlug, uncalcified  matrix.  The  cells  increase 
somewhat in size as the zone of preparatory calcification is approached. 
The col-runs have a conical shape, with the apex directed towards the 
resting cartilage.  The width of this zone, according to Erdheim (7), 
ranges from 100 to 200 u. 
Zone of Preparatory Calcification (Pn).--This  averages four  cells 
in depth, and in normal animals does not exceed six ceils.  The carti- 
lage cells composing it increase greatly in size.  The nuclear staining 
in our preparations is often very pale, and in many of the cells, no 
nucleus is visible.  The cytoplasm is scanty, ragged, and apparently 
hydropic.  The ceils,  because of their large size,  lie closer together 
than in the proliferative zone; they are embedded in a  completely 
calcified  matrix,  staining dark purplish blue with hematoxylin, and 
black or dark brown with silver nitrate. 
Endochondral Ossification and Primary Spongiosa.--The  process by 
which the cartilage cells are destroyed by the invading blood vessels, 
and by which the primary trabecul~ are developed about  the  scaf- 
folding afforded by the persistence of the calcified matrix between 
the destroyed cartilage cells,  is  too familiar to require description 
The length and thickness of the trabecul~e vary considerably in dif- 
ferent normal rats;  and we have found the development of the pri- 
mary spongiosa to be a  sensitive index of general growth and nutri- 
tion.  This is well illustrated by sections from a rat in which there 
was a  cessation  of growth during the last week of life, which was 
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becul~e--that portion contiguous to  the  cartilage  and last  formed. 
In older rats, showing a very vigorous growth, the trabecul,e are long, 
stout,  and closely  apposed,  bordered  by  distinct  osteoblasts  and 
separated by narrow vascular channels (Figs.  1 and 2, SPO.  In old 
animals, after the cessation of epiphyseal growth, or in larger animals, 
in  which arrest  of growth is  artificially  brought about  by  dietary 
deficiency, such as lack of fat-soluble A,  the trabecul~e  atrophy or 
become fused into a  transverse plate  of bone extending across  the 
cartilage. 
Osteoid  tissue  is  virtually  absent in  the primary spongiosa,  the 
calcium apparently being deposited as fast as the osteoid precursor 
of the bone is elaborated.  Only rarely in silver preparations counter- 
stained with Van  Gieson's picrofuchsin, or aqueous safranine, is it 
possible to make out here and there a narrow rim of osteoid. 
Secondary Spongiosa (Figs. 1 and 2, Sp2).--This consists of a  sparse 
number of stout trabecul~e,  completely ossified, without inclusion of 
calcified cartilage matrix.  They join the cortex obliquely, reinforcing 
it in the region just distal to the epiphyseal line,  and  joining with 
trabecul~e  of  the  primary  spongiosa.  An  osteoid border  is  rarely 
distinctly seen. 
Cortex.--The  thickness naturally varies with the size  and general 
development of the rat, and is greater in the middle ribs than in the 
upper  ones.  It  also  increases  somewhat  as  one  passes  from  the 
region of the chondrocostal junction.  The cortex is continued over 
the cartilage  as  far  as  the base of the proliferative zone, at which 
point there is usually a slight constriction, as a thin layer beneath the 
fibrous  perichondrium.  Normally,  this  continuation is only partly 
calcified. 
As regards the osteoid margin, this is to be found only in  places,- 
most  commonly, as  Erdheim  (7) points out, about the perforating 
vessels, or on the pectoral surface beneath the periosteum.  It is more 
abundant in young, actively growing animals, and may be entirely 
invisible in older rats.  In general, the differentiation between osteoid 
and  calcified bone is more sharply brought out in  silver  safranine 
preparations  than in hematoxylin-eosin-stained sections.  But even 
in the silver preparations, a  visible osteoid border may be entirely 
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physiological osteoid is given by Erdheim as from 5 to 5.5 ~, but there 
are, as might be expected, fairly wide variations. 
Ribs from A threptic Rats. 
The  conditions  above  described  are  typical  for  rats  which  have 
been on a full diet containing an abundance of necessary mineral and 
organic foodstuffs, including vitamines. 
In non-rachitic rats  on a  deficient dietary,  or in which failure  of 
growth has occurred because of infection, the finer structure  of the 
rib is considerably modified (Fig. 15). 
Zone of Preparatory Caldfication.--This  is often found reduced to 
two or  three  cells.  The intervening matrix  is densely calcified,  as 
in the normal bone.  The chief abnormality is in the endochondral 
ossification. 
Primary. Spongiosa.--The  trabecul£e of the primary sponglosa are 
short, slender, misshap.en, and often defective over considerable areas. 
The exposed cartilage  cells are  often surrounded, and even invaded 
by pale  fusiform or polygonal cells,  among which syncytial  multi- 
nucleated cells are occasionally found (Fig.  7).  These cells,  though 
morphologically related  to osteoblasts  seem incapable of performing 
their  osteogenefic  function.  The  osteoblasts  which  surround  such 
trabecul~e as are formed, are fiat and inconspicuous. 
Cortex.--The  cortex is thinner than normal, especially in the region 
of  the  chondrocostal  junction,  and  the  endosteal  and  periosteal 
osteoblasts are either missing entirely, or, like those which border the 
trabecul~e, are endothelium-like. 
Secondary Spongiosa.~A  secondary  spongiosa  is  often  wanting. 
Evidences  of  increased  resorption  in  these  bones  are  not  striking. 
Occasionally, multinudeated osteoclasts are  seen beneath the perios- 
teum, lying in lacunae.  The marrow cavity is wide in proportion to the 
size of the rib.  There may be marked congestion, or even hemorrhage, 
and  in  infected rats  (rat  typhoid),  areas  of  focal  necrosis  are  not 
uncommon. 
The appearances  described,  due in part  to deficient osteogenesis, 
in part  to  a  continuance of  the physiological resorption which ac- 
companies bone growth and persists  even when growth is arrested, 
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is applicable.  Our material includes  i  transitions between extreme 
degrees of osteoporosis and the normal picture; and as has been stated, 
it is possible to draw quite accurate inferences as to the general condi- 
tion of the animal from the histological structure of the ribs, and in 
particular, from the development of the primary spongiosa. 
Ribs from Rachitic Rats. 
Although rachitic lesions have been produced on variously modified 
diets, as reported in previous papers, we need describe here only the 
appearances observed on Diet 84, which was the diet chosen for the 
purpose of testing the curative activity of the various cod liver oil 
fractions. 
The gross alterations in the ribs of rachitic rats have been described 
in detail by Morpurgo (8), Erdheim (7), Pappenheimer (9),  Sherman 
and Pappenheimer (3), Shipley, Park, McCollum, and Sim  monds (10), 
and others, and need not be again recalled.  However,  an accurate 
description must be  given of the histological changes  produced by 
the diet used in these experiments, in order that the alterations which 
take place in the course of healing may be made intelligible. 
Resting Cartilage.nErdheim  has  shown by  careful measurements 
that there is a  tendency in rachitic rats for this zone to surpass the 
normal both in depth and width.  The histological structure is, how- 
ever, in no wise altered. 
Proliferating Cartilage.--The  boundaries of this zone  are  difficult 
to define inasmuch as the failure of calcium deposition in  the pre- 
paratory cartilage makes it impossible, in the more severely rachitic 
ribs, to establish a sharp line of demarcation.  Where there is a great 
lateral swelling of the cartilage, the cell columns are often separated 
by  an  abundance  of matrical  substance,  in  excess  of  the normal 
amount.  In  many  of  the  preparations,  the  zone  of  proliferating 
cartilage, both in respect to its dimensions and the appearance and 
arrangement of the  cells, does not differ notably from that found in 
normal ribs  (Fig. 3, Pr). 
Zone of Preparatory Calcification.--It  is  here  that  one  finds the 
most striking and characteristic changes.  On Diet 84, as has been 
previously stated, there is complete failure of calcium deposition, so 
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mains permanently free of st~able material (Figs. 3 to 8, Prl).  The 
only situation in which there is, at  times,  still  some  demonstrable 
calcium is  at  the extreme tips of the  lateral  prolongations of  the 
cartilage.  The calcium present there probably represents that which 
had already been laid down at the t~me when the rachitic  regimen 
was begun, and which at the time of death had not been completely. 
reabsorbed (Figs. 3 and 4, Ca1). 
In the normal rib, the depth of the zone of preparatory calcification 
varies within very narrow limits, and rarely exceeds four or five cells. 
In the rachitic rib, there is an enormous increase in the depth of this 
zone, so that it is often possible to count 50 or more cells from the 
base of the zone to the tip of the prolongations where the cartilage cells 
become intermingled with the osteoid tissue of the rachitic metaph- 
ysis.  The degree of enlargement varies considerably, depending upon 
the length of time that the rat has been upon the rachitic diet, and also 
to a  certain degree, upon the general growth and nutrition.  It has 
repeatedly been pointed out that rachitic lesions are more severe in 
well nourished infants than in stunted, marantic ones; and the same 
differences, in general, hold for the experimental rickets of rats.  But 
even in rats which have shown only transitory gain in weight, the 
enlargement in the zone of preparatory calcification is a constant and 
dependable feature.  In the study of several hundreds of rats main- 
rained on this diet, we have observed only three rats  in which this 
increase in depth of the cartilage did not greatly exceed the normal 
limits.  These exceptions were in stunted rats suffering from diarrhea 
during the experimental period, and showing from the outset a station- 
ary or declining weight curve. 
The columnar arrangement of the cartilage cells is usually preserved 
in the basal portion of this zone, a point of importance, as will be shown 
in the reconstitution of the epiphyseal llne in the later stages of heal- 
ing.  Towards the diaphysis, the alignment of the cells in columns 
is  entirely lost,  and one encounters great variations in size,  shape, 
and  staining.  The  uncalcified matrix  also  shows variations in  its 
staining reactions and comes to resemble in places the osteoid tissue 
which forms so large a  component of the rachitic metaphysis.  This 
occurs particularly in  the vicinity of the perforating  vessels.  We 
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of cartilage into osteoid tissue, since this has no direct bearing upon the 
process of healing; and it matters very little how one interprets the 
transitions which undoubtedly occur between atypical cartilage and 
osteoid tissue. 
It is generally held that the calcification of the cartilage is a neces- 
sary  condition  for  the  vascular  destruction  of  the  cartilage  cells. 
The failure of calcium deposition in rickets may, therefore, be held 
responsible for the persistence of the cells, and the great increase in 
the depth of this  zone.  The  formation of new cartilage  continues, 
though probably at a diminished rate,  * but because the newly formed 
cells are no longer opened in orderly fashion by the blood vessels of the 
marrow, and because of the failure of matrical calcification, there is 
produced an enormously deepened zone of cartilage cells. 
Primary Spongiosa.mAfter 4  weeks on  the rachitic diet,  there is 
formed in the region of the original primary spongiosa an excessive 
amount of calcium-free osteoid tissue.  There is no longer a  system 
of orderly parallel trabecul~e ranged in the long axis about the calcified 
continuations of the cartilage matrix, but broad  convoluted masses, 
many times thicker than normal trabecul~e, and often so fused and 
distorted that their relation to the original trabecul~e is wholly ob- 
scured (Fig.  3, Spl).  Some of these osteoid masses still  contain a 
core  composed of  osseous  tissue,  inclosing in  turn  the  remains  of 
calcified matrix.  Many of them appear to contain no calcified tissue 
whatever, although it is evident that the section may pass wide of the 
central bony core.  Often there are found columns or irregular groups 
of cartilage cells embedded in the osteoid tissue. 
The newly formed osteoid is in most places homogeneous in texture 
and stains uniformly and deeply with eosin, or with acid fuchsin in 
Van Gieson's stain, or with the aqueous safranine in the silver prepara- 
tions.  The demarcation between the calcified bone and the osteoid 
is invariably a  very sharp one.  In the process of recalcification, as 
will be pointed out, the demarcation is obscured. 
Perichondral Osteoid.--In the normal rat rib, as described, the cor- 
tex extends over the cartilage as far as the base of the proliferative 
zone, as a  thin lenticular strip interposed between the fibrous peri- 
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chondrium and  the  cartilage.  It  is  at  least partially  calcified,  the 
calcium being laid down contiguous to the cartilage.  In the rachitic 
rib, the perichondral osteoid is not only free from calcium, but forms 
a very thick crescentic mass which contributes largely to the fusiform 
or bulbous  swelling at  the junction  (Fig. 5, Pc-osl).  When  the rib 
is angulated; this perichondral osteoid and its continuation as cortical 
osteoid increase still more and fill in the V-shaped gap on the pectoral 
aspect. 
Cortex.--The  calcified  cortex  (Fig.  5,  Ca)  is  characteristically 
bordered on both its endosteal and periosteal  surfaces by a  mantle 
of osteoid which in thickness far surpasses that visible in the normal 
rat of corresponding age (Fig. 5 Co-ost).  While this excessive produc- 
tion of osteoid is most extreme in  the vicinity of  the  epiphysis, it 
extends along the whole length of the shaft, and may be so abundant 
as materially to narrow the bore of the marrow cavity.  The calcified 
portion is always reduced in thickness, and, rarely, the calcified bone 
may  be  entirely interrupted  over  short  stretches,  and  replaced  by 
osteoid. 
Infractions, rather rare except in the more extreme cases of human 
rickets,  are  almost  regularly  produced  upon  this  diet.  There  is 
formed  about  the  site  of  fracture,  a  globular  or  fusiform mass  of 
callus,  composed partly  of  cartilage,  partly  of osteoid  tissue.  The 
marrow in the region of the fracture undergoes fibrous transformation. 
The callus, on this rickets-producing diet, remains free from calcium; 
the deposition of calcium in the cartilaginous and osteoid callus takes 
place only under the influence of some curative agent (Figs. 11 and 17). 
Marrow and Blood Vessels.--Congestion of the blood vessels in the 
region of the epiphysis, upon which much stress has been laid by those 
who believe in the toxic or infectious origin of the disease, is by no 
means  a  feature  of  the  experimentally produced rat  disease.  The 
overproduction  of  osteoid  in  the  metaphyseal  region  is  usually  so 
great as to reduce the spaces between the trabecul~e to narrow clefts, 
so that a marked dilatation of the blood channels is mechanically im- 
possible.  Even  in  the  earliest  stages,  hyperemia is  not  a  striking 
feature, and the vascularity of the epiphyseal region does not exceed 
that in normal bones. 
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sinuses and the osteoid trabecul~e,  in the region of the  metaphysis; 
frequently  the  endothelium rests  directly upon  the osteoid tissue. 
Usually it is possible to distinguish from the endothelium  the osteo- 
blasts  which  border  the  osteoid  trahecul~e.  They  are  ranged  in 
orderly or continuous rows, as in normal osteogenesis; but they may be 
heaped up  or  lie  partly  embedded in the osteoid  tissue.  Fibrous 
transformation of the marrow is not a conspicuous feature, except in 
the neighborhood of fractures. 
The blood vessels fail to penetrate the cartilage in the even and 
regular fashion essential to normal ossification, but in the central or 
axial portion of the rib,  they may extend a  considerable distance 
towards the base of the zone of preparatory calcification (Fig. 4,/~v). 
As has been already noted, the matrix of the cartilage in the vicinity 
of  these  penetrating blood  vessels  tends  to  stain  with  eosin,  and 
to resemble osteoid tissue. 
We have described the salient features of the rachitic rib somewhat 
in detail, without, however, entering into a  discussion of disputable 
points and theoretical interpretations.  The reader is referred to the 
exhaustive treatise  of Erdheim for  a  more minute analysis  of  the 
rachitic rat lesions. 
Healing under the Influence of Cod Liver Oil and Its Active Fractions. 
The material at our disposal for the study of the healing process 
may be grouped as follows: 
Beginning healing  ..........................................  17 rats. 
Advanced  healing  ..........................................  27 rats. 
Healing practically completed  ...............................  8 rots. 
The  stage  of  healing  depends,  of  course,  not  merely upon  the 
length of time that the rat was under treatment, but also upon the 
activity of the preparation used, and to  a  certain extent upon the 
dosage.  There  are  also  individual  variations,  so  that  identically 
treated rats do not always show the same degree of healing. 
We  have  selected from  our  records  the following five protocols, 
as typical of the various stages observed. 
Rat 197.--At the age of 4 weeks, the rat was placed upon Diet 84.  A radiogram 
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35 days on the rachitic diet, treatment was begun with daily doses of 5 drops of 
cod  liver  oil,  Fraction  7,  a  preparation  having  only  slight  curative  activity. 
Radiogram  taken  after  14  days  showed  a  faint  and  narrow  transverse  band 
extending across the defect in the head of the tibia.  The animal was killed and 
autopsied.  Initial  weight  45  gin.  Maximal  weight  54  gin.  Terminal  weight 
48 gm. 
Rib.--There is advanced rickets, with great increase in the zone of preparatory 
calcification,  and  marked  thickening  of  the  perichondral,  subchondral,  and 
cortical ostcoid.  The following evidences of early healing are found. 
The  zone of preparatory ealdfication is  not entirely free from ealdum,  but 
shows, in silver staining, a deposition of lime salts in the lateral portions, extending 
to within five or six ceils of the base, and distally to the terminal cells.  There are 
also irregular deposits in the mid-zonal portion, not extending completely across 
the cartilage.  There is an early calcification of the osteoid of the perichondrium, 
in the form of fine bluish granules laid down contiguous to the cartilage.  Through- 
out  the  mass of osteoid  tissue  which forms the rachitie  metaphysis and which 
envelops the old calcified  bone of the cortex with a  thick irregular mantle,  one 
may find areas of fresh caldfication, distinguishable from the previously deposited 
calcium  by its  fine  powdery  character,  and  somewhat  fainter  st~inlng  with 
hematoxylin. 
Diagnosis.--Rickets.  Very early healing. 
The following protocol  also illustrates  an  early stage  of healing. 
Rat 664.--Received  Diet  84  for  28  days.  Radiogram  at  this  time  showed 
pronounced Hckets.  Treated for 7 days with  cod liver oil,  Fraction 22.  Mter 
5  days,  the radiogram showed a  distinct  narrow  transverse  band indicative  of 
early healing. 
Rib  (Fig.  6).--The proliferative  cartilage  shows no changes of consequence. 
The  zone  of preparatory  calcification  averages  about  35  ceils  in  depth.  The 
columnar alignment is well maintained in the basal portion.  Here the matrix is 
entirely devoid of calcium and takes a bluish stain.  The distal half of the cartilage 
is traversed by a band of calcification (Fig. 6, Ca)  taking a purplish stain which 
contrasts sharply with the unealcified bluish matrix.  The terminal portion of the 
cartilage,  however,  is  almost  free  of  calcium.  In  the  region  of  the  cartilage 
where  calcification has  occurred,  there  are  numerous large  blood vessels  com- 
municating with  the blood sinuses  of the marrow  (Fig.  6,  /~vl).  Many of the 
calcified  cartilage  cells  are  being  invaded  and destroyed, the calcified  capsule 
becoming eroded on one side of the ceils, and the space occupied by the degenera- 
ting remains of the cartilage cells is filled with red blood corpuscles.  The invading 
vessels  apparently  lose  their  endothelial  lining,  or  at  any  rate appear  to dis- 
charge  their  red  corpuscles into  the empty capsular  space.  In a  few of  the 
eroded  cartilage  ceils,  one  finds  a  group of three or four small angular cells, 
staining  deeply  with  hematoxylin  and  resembling  osteoblasts  in  their 
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Very interesting changes are seen in some of the unopened cartilage cells which 
lie  in the calcified zone.  The cytoplasm is filled with hyaline droplets of various 
sizes, staining deeply with eosin, and resembling those seen in degenerating  renal 
epithelium (Fig.  18).  The nucleus of these cartilage cells is sometimes normal, 
more commonly shrunken and irregular in outline. 
The spongiosa is represented by irregular trabecu~ composed of calcified bone, 
osteoid tissue, and atypical or metaplastic cartilage.  Closer study shows certain 
differences from the picture found in untreated rats.  The osteoid  tissue is less 
homogeneous than usual, more fibrillar, and there are defts and fissures in which 
lie small angular osteoblasts  or bone corpuscles.  The surface of the trabecul~e is 
not smooth, but irregularly eroded.  The osteoblasts do not cover the trabecul~e in 
continuous rows, but are heaped up in places on the surface, or partly embedded 
in the osteoid. 
The greatly thickened perichondral osteoid shows recent calcium  deposits in 
several places  (Fig. 6, Ca).  Adjacent to the cartilage, there is a fringe of calcium, 
the granules  being deposited in rows  following along  the  course of the fibrils. 
Further out  nearer  the  fibrous  perichondtium,  there  are  also  irregular areas 
of calcification, easily distinguishable  from the previously calcified bone by their 
granular character. 
A very striking feature of the section is the distention of the large blood sinuses 
in  the subchondral  region  (Fig.  6,  By2).  The trabecul~ of the  spongiosa  are 
separated by these dilated blood sinuses, very few of the blood-forming  elements 
being  interposed between  the  endothelium of  the  sinuses  and  the  trabeeulm. 
Further along the marrow cavity, this dilatation of the blood channels  becomes 
progressively less marked, and the marrow resumes its normal vascularity. 
The cortical osteoid  is  very greatly increased  in amount.  Here and  there, 
especially on the periosteal surface, there are areas of granular calcification. 
Summarizing  the  evidences  of  healing,  we  find  (1)  deposition  of 
calcium in the distal half of the widened zone of preparatory calcifi- 
cation;  (2) invasion of the calcified portion from the lateral and sub- 
chondral sides by large blood vessels, with destruction of the cartilage 
ceils; (3) changes in the osteoid tissue which may be taken to indicate 
beginning lysis or halisteresis;  (4)  great dilatation  and congestion of 
the blood sinuses in the metaphyseal region; and (5) deposition of gran- 
ular calcium in the perichondral and pericortical osteoid. 
A later phase of healing is presented by the ribs of Rat 660. 
Rat 660.--After 28 days on Diet 84, marked tickets had developed, as shown 
by the radiogram.  Cod liver oil, Fraction 23, was then given daily for a period of 
35 days.  During the last 2 weeks of life, the weight declined from 73 to 58 gin., 
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day after beginning  treatment,  that is before the rat had begun to lose weight, 
showed a delicate transverse band crossing the tibia1 defect. 
Rib  (Fig.  lO).--Maeroscopically,  there  is  still  marked  fusiform  swelling  at 
the chondrocostal junction.  The following conditions are found in sections. 
The zone of proliferating cartilage is somewhat reduced in depth; the columns 
are short and widely separated  (Fig. 10, Pr).  The zone of preparatory calcifica- 
tion  (Fig.  10, Prl)  consists of two  fairly distinct  portions.  The basal  part  is 
composed of orderly columns for a distance of six or eight cells, between which the 
matrix is completely calcified.  The calcium ends in an even line at the base of 
the zone of proliferative  cartilage,  and no blood vessels penetrate  this portion. 
From this basal part, there extend shaftwards into the original rachitic metaphy- 
sis large irregular processes of cartilage, in which a columnar arrangement of the 
cells is for the most part lost; and in the distal portion, individual cartilage cells 
become separated  from one another by a  pink-staining matrix.  There is very 
extensive calcium deposition throughout these prolongations; it is only where the 
matrix shows this atypical staining and merges into osteoid tissue,  that no lime 
salts have been laid down.  These prolongations of cartilage are being invaded 
from all sides by wide congested blood vessels  (Fig.  10, By), so that  the entire 
metaphysis has a  coarse spongy structure.  Wherever the cartilage ceUs are in 
contact with the blood vessels,  they are being eroded in precisely thesame fashion 
as during the process of normal endochondral ossification, save that the cartilage 
ceils are attacked from all sides.  Comparatively little bone is formed about the 
calcified remains of the matrix,  but here  and  there,  especially about  the basal 
portion of the cartilage, one finds groups of unopened cartilage cells,  surrounded 
by  an  irregular  shell  of  osseous  tissue,  bordered  by  distinct  osteoblasts.  In 
general,  no  osteoblasts  or marrow  elements  are  interposed  between  the  blood 
channels and the calcified cartilage. 
Towards the shaft,  the section passes tangentially to one side of the marrow 
cavity, so that one comes rather  suddenly upon a  solid mass of osteoid tissue. 
Further along, the marrow cavity is again exposed. 
The osteoid  tissue,  wherever  seen,  is  in  the process of becoming recalcified. 
The old calcified  bone takes a bluish stain, and contains bone corpuscles heavily 
impregnated  with  hematoxylin,  but  this  previously  calcified  bone  shades  off 
gradually into a granular purplish fringe of recently deposited calcium, so that the 
demarcation between calcified  bone and uncalcified osteoid is greatly obscured. 
This is brought out also in the silver preparations,  where the old bone takes a 
compact  black  stain, but the newly deposited calcium salts at the margin appears 
as discrete granules.  An oval clear space is left about the bone corpuscles in the 
calcifying osteoid, whereas minute angular clefts of much smaller size mark the 
site of the adult bone corpuscles in the originally calcified bone. 
The salient features in this rib are therefore  (1)  a  complete recalci- 
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erosion  of  this  calcified  cartilage  by large  blood  channels,  leaving, 
however,  a  basal  columnar layer,  approximately  six  cells in  depth, 
which, as shown by the study of subsequent stages, is destined to form 
a  new zone of preparatory cartilage; and  (3)  extensive recalcificafion 
of the osteoid tissue, perichondral, subchondral, and cortical, with its 
conversion into  adult bone.  Evidences of active bone formation  or 
of increased bone destruction are not striking. 
The final stage in the healing process is exemplified by Rat 846. 
RaJ 846.--This rat was placed on Diet 84 for 32 days.  Radiogram taken on the 
31st day showed the usual marked rickets.  Dally treatment with 5 drops of cod 
liver oil, Fraction 31-D, was then given for a period of 19 days.  Radiogram on 
the llth day of treatment showed a well marked transverse shadow.  The animal 
gained only 4 gin. during the entire experimental period and was poorly nourished 
at autopsy. 
Rib (Fig. 14).--There is still slight fusiform swelling visible grossly and in the 
sections.  The zone of proliferative cartilage (Fig. 14, Pr) is somewhat narrower 
than in normally growing rats.  The zone of preparatory calcification has been 
completely reformed (Fig.  14, Prl).  It is composed of orderly columns of three 
or four swollen cells, separated by a densely calcified matrix which merges directly 
into the primary spongiosa  (Fig. 14, Spi).  The latter consists of a series of short 
broad trabecul~e, some of which extend over several rows of cartilage cells, and are 
partially fused at their distal ends.  In the recesses between the trabeculm, loops 
of capillaries  extend upwards in contact with the cartilage cells, some of which 
are being eroded, but in a less orderly way than in normal actively growing bone. 
The capillaries are accompanied by a few pale osteogenetic cells, in which mitotic 
figures are occasionally found. 
The fusiform swelling distal to the cartilage  is enclosed by a thickened cortex 
(Fig.  14, Co), derived from the ossification of the rachitic osteoid.  There is an 
abundant  secondary spongiosa  (Fig. 14, Sp~), which consists of many irregularly 
disposed  trabecula~.  A  few of these still  contain one or several  cartilage cells. 
For the most part, however,  these trabecnlm are completely changed into bone. 
The osteoid tissue has thus been in part resorbed, in part completely calcified and 
converted into bone. 
The blood sinuses in this region are enormously widened and crowded with red 
cells.  An endothelial  lining is not always  distinct, but this may be a  fault in 
preparation.  Between the distended blood channels,  there is a  fair amount of 
normM cellular  marrow, but in  many places,  the  vessels  are  in direct  contact with 
the marrow. 
The cortex in hematoxylin-eosin preparations takes a uniform blue stain; but 
in silver-safranine  slides,  there is  still  found in places,  especially about the per- 
rotating vessels, and along  the endosteal  surface, a border of uncalcified osteoid 
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The rachitic lesions, revealed by the radiogram before treatment 
was  begun,  have  been  followed by  an  almost complete restitution 
to the normal.  There are still some detectable traces of the previous 
rickets; namely, the fusfform swelling at the site of the original rachitic 
metaphysis, the presence of a few included cartilage cells deep in the 
spongiosa, the disorderly arrangement of the bony trabeculm, and the 
presence  of osteoid in  slightly excessive  amount  along the  cortex. 
The epiphyseal line, however, has been completely reconstituted, and 
healing is virtually completed. 
The following protocol is cited to show that with the healing of the 
rachitic lesions an extreme osteoporosis may develop. 
Rat 653.--Placed on Diet 84 for 28 days.  Radiogram taken on the 27th  day 
showed pronounced rickets.  Treatment with cod liver oil, Fractions 21 and  24, 
was administered  over a  period of 50 days.  Radiograms  taken  on 5th,  10th. 
36th, and 49th days after beginning treatment show the progress of the  healing 
(Fig.  16).  The rat  increased in weight  from 42  gin.  at  the beginning  of  the 
experiment to 56 gin., but lost 13 gin. during the remaining period of life. 
Rib (Fig. 15).--The  picture is that of an extreme osteoporosis.  The zone of 
preparatory calcification is reduced to two cells in depth, the matrix between the 
cells is densely calcified.  There is practically no primary or secondary  spongiosa 
(Fig.  15, Spl, Sp~), only two or three thin, obliquely placed trabecula.  • remaining. 
The cortex  (Fig.  15, Co) is  thin,  completely calcified,  save for an even narrow 
strip of endosteal osteoid bordered by distinct osteoblasts.  The marrow cavity 
is wide and the sinuses are congested.  The cellular marrow extends to the cartilage. 
In this rat, the previous rachitic lesions, evident in the radiogram, 
have completely healed and given place to an extreme osteoporosis. 
DISCUSSION. 
From these illustrative  protocols,  and from a study of numerous 
other examples, it is possible to trace quite logically the sequence of 
events in the healing process. 
The first obvious effect of the administration of cod liver oil or one 
of its active fractions ill the ribs of a rat rendered rachitic by Diet 84, 
is the deposit of calcium salts in the zone of preparatory calcification. 
The  exact  site  of  this  deposition varies  somewhat,  but it  begins 
regularly in the lateral aspects of the cartilage, and, somewhat later, 
extends across the cartilage as a  broad band.  Gradually,  the area ~0  EXPERIMENTAL  RICKEIS.  VI 
extends basaUy as far as the rows of proliferating cells,  and distally 
it  involves  all  the  irregular  prolongations throughout the  rachitic 
metaphysis (Fig. 9). 
The time relations vary greatly--with the dosage, with the activity 
of the preparation used, and probably also with the severity of the 
rachitic lesions at  the time when treatment was begun.  We have 
observed beginning calcification within 24 hours after  the adminis- 
tration of a  single dose of pure cod liver oil, and after 5  to 7 days, 
calcium is often present throughout the greater portion of the carti- 
lage.  The complicated rearrangements necessary to  bring about a 
complete return to the normal require, however, a considerably longer 
period. 
Accompanying the deposition of calcium in the matrix of the carti- 
lage, there is a laying down of the salts also in the osteoid tissue.  In 
the perichondral osteoid, which is always very considerably thickened, 
one finds a granular deposit beginning in that portion of the osteoid 
contiguous to the cartilage (Fig. 8, Ca~).  The granules of calcium are 
ranged often in linear rows at right angles to the cartilage, likeminute 
stalactites  (Fig. 8, Ca1).  In the trabeculm of the spongiosa and inthe 
osteoid masses which envelop the calcified bone of the cortex, new cal- 
cium islaid down  firstin granular form, or, as seen in hematoxylin-eosin 
preparations, as a faint purple cloud fringing the originally calcified 
bone.  As this osteoid tissue becomes transformed into fully calcified 
bone, the osteoblasts embedded  in its substance change their character, 
becoming more pycnotic and  angular  and  acquiring  the  stainable 
processes distinctive of adult bone corpuscles. 
This active deposit of calcium in the cartilage and osteoid is very 
easy to demonstrate and to understand, at least from the morphologi- 
cal view-point.  But the return to the normal structure involves also 
a resorption of the excessive cartilage and osteoid tissue which make 
up  the  swollen  rachitic metaphysis; and  there are  details  in  this 
process which are less easily analyzed. 
The excess  of cartilage  appears to be disposed of in the following 
way.  With the calcification of the capsules and matrix of the carti- 
lage cells,  there is an invasion from all sides by blood vessels which 
bring about a  re-solution of the calcium and a digestion of the con- 
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physiologically during endochondral ossification.  The only difference 
is that this destruction of the cartilage cells takes place most irregu- 
larly, whereas in normal endochondral growth, the erosion of the cells 
occurs in uniform and orderly fashion at the line of ossification. 
With the disappearance of the cells, there remain for a time portions 
of undissolved cartilage matrix in the form of curved rods which may 
form the framework of new bony trabecul~e. 
It is important to note that this destruction spares the cells at the 
base of the cartilage, where the columnar alignment is still preserved. 
Usually rows of four or five cells remain uninvaded by the blood vessels 
and these basal  cells eventually form the new zone of preparatory 
calcification, when healing is completed (Fig. 13). 
The removal of the excess cartilage through the lyric agency of the 
blood vessels, therefore, involves no new principles.  It is apparently 
conditioned by the calcification of the matrix, and the same factors, 
presumably, are operative as are concerned in the physiological de- 
struction of cartilage during normal growth.  The resorption of the 
excessive amount of osteoid, which undoubtedly also occurs on a large 
scale, is less easy to follow.  We have observed that at this stage the 
osteoid tissue  still present in the subchondral region stains less in- 
tensely, has a looser fibrillar structure, and often appears frayed and 
eroded at  the margins--appearances which suggest that it is under- 
going solution.  The contained corpuscles, or those on the edge,  lie 
in clefts, as if they were being freed from  their imprisonment  by the 
dissolution of the rigid material about them.  Occasional  multinu- 
cleated cells may be found, but osteoclastic resorption certainly plays 
a  very subordinate part in this process.  The deeply staining  cells 
which are often found in rows or small groups on the surface of the 
trabecul~e have the character of osteoblasts, and there seems no good 
reason for assigning to them a rSle in resorption.  The exact process 
by which much of the uncalcified osteoid is removed remains obscure. 
It is possible that further study with special staining methods may 
add to our understanding, but the interpretation of the finer changes 
accompanying resorption has always been a matter of difficulty. 
However brought about, this resorption of the osteoid very clearly 
takes place first in the proximal half of the rachitic metaphysis, that 
is  the portion nearest the cartilage,  and only later  affects  also  the 
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Accompanying the removal of the excessive cartilage and osteoid 
tissue, there takes place also an extreme and striking distention of the 
blood vessels.  This  may well  be  brought  about  passively by  the 
solution of the  solid structures,  so  that  the vascular  channels are 
without support, and converted into veritable lakes of blood (Figs. 
12 and 13, By). 
Two stages in  the recalcification of  the  callus about  a  fracture, 
under the influence of active preparations of cod liver oil, are illus- 
trated in Figs. 11 and 17.  The recalcification of the callus cartilage, 
and its conversion into spongy bone, are brought about in the  way 
described in discussing the alterations of the cartilage in the zone of 
preparatory calcification during healing. 
The  study of  the  anatomical  changes cannot, obviously, explain 
satisfactorily the mode of action of the cod liver oil.  That remains 
a purely chemical problem.  The matter, however, is to a considerable 
degree simplified by the observation that the determining incident is 
the initial calcification of the preparatory cartilage and osteoid.  The 
subsequent changes follow inevitably, and are no different in principle 
from those that take place in normal bone  growth.  The problem, 
therefore, resolves itself into the question of how cod liver oil pro- 
motes the deposition of the calcium.  It would be premature to discuss 
this in detail, nor does it fall within the scope of this paper to consider 
the chemical aspects of this healing process. 
It is hoped, however, that the above description will supplement 
the excellent studies of Schmorl (11)  and others on the healing of 
human rickets.  While  the earlier phases have been accurately  de- 
scribed by Schmorl, and correspond in all essentials to those seen in the 
healing of experimental rat rickets, it is only in the experimentally 
controlled disease that it is possible to follow the reparative changes 
through all stages to complete healing. 
SD-M~ARY. 
Rats which had developed rickets were treated with cod liver oil 
or an active fraction of cod liver oil, and the various changes which 
occur in  the  healing  of  the  bone  lesions  were  studied.  Several 
phases are described, from the early deposit of calcium salts in the 
zone  of  preparatory  calcification  to  the  return  to  normal  bone. ALWINM.  PAPPENSIEIMER  353 
These stages correspond  closely to  those  found in the  healing of 
human rickets. 
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EXPLANATION OF PLATES. 
Rc, resting cartilage; Pr, proliferative cartilage zone; Prl, zone of preparatory 
calcification;  Pr~, prolongations of preparatory cartilage; Spl, primary sponglosa; 
Sp2, secondary spongiosa; Co,  cortex; Pc,  perichondrium; Po,  periosteum; Ost, 
osteoid tissue; M, marrow; By, blood vessel; Ca, calcium. 
PLATE 20. 
FIo. 1.  Rat 520.  At the age of 4 weeks placed on Diet E, consisting of: 
Flour  ................................................  80.5 per cent. 
Egg albumin .........................................  10.0 per cent. 
Butter fat ............................................  5.0 per cent. 
Complete salt mixture (Z-85) ..........................  4.5 per cent. 
After 30 days, the weight had increased from 47 to 90 gin.  Normal rib.  Hema- 
toxylin-eosin. 
FIO. 2.  Rat 675.  At the age of 4 weeks placed on Diet E-M, containing: 
Flour  ................................................  79.7 per cent. 
Egg albumin .........................................  10.0 per cent. 
Butter ..............................................  5.0 per cent. 
Complete salt mixture  ..................................  5.3 per cent. 
The weight increased from 65 to 162 gin. during the period of 48 days.  Normal 
rib.  Hematoxylin-eosin. 354  E,XPEI~ rM'E.NTAL  RICKETS.  VI 
PLATE 21. 
F~o.  3.  Rat  811.  27  days  on Diet  84.  Typical  rachitic  lesions.  Silver 
nitrate-sa~r~n{ne. 
Fro. 4.  Rat 816.  47 days on Diet 84.  Advanced tickets.  No deposition of 
calcium in preparatory cartilage or osteoid.  Silver nitrate-safranine. 
PLCTE 22. 
FIG. 5.  Rat 636.  66 days on Diet 84.  Initial weight 42 gin.; termln~1 weight 
68  gin.;  maximal weight  (4  days  antemortem)  74  gin.  Complete  absence of 
caldum in zone of preparatory cartilage, and in peHchondral and cortical  osteoid. 
No tendency to "spontaneous" healing.  Silver nitrate-safranine. 
Flo. 6.  Rat 664. 28 days on Diet 84.  Then given dally  treatment with cod 
liver oil,  Fraction 22, for 7 days.  Beginning  calcium deposition in preparatory 
cartilage and osteoid (Ca).  Silver nitrate-safmnlne. 
PLATE 23. 
Fio. 7.  Rat 47.  90 days on diet deficient in fat-soluble A.  Moderate  osteo- 
porosis.  Pale cells about cartilage (A); syncytial cells at S.  Hematoxylin-eosin. 
FIG. 8.  Rat ll0.  27 days on Diet 84.  Single  dose of 5 drops of cod liver oil, 
Fraction 4 (active preparation), 24 hours before death.  Beginning deposition of 
calcium  (Ca~) in perichondral  osteoid  (Pc-osO, in  the  form of striate granules 
perpendicular to the long axis.  Calcification  of matrix of cartilage (Ca,) in distal 
portion of zone of preparatory calcification.  Hematoxylin-eosin. 
PLATE 24. 
FIO. 9.  Rat 847.  32  days on Diet  84.  Then given daily  treatment with 
S drops of cod liver oil,  Fraction' 31-D  (diluted but active preparation), for a 
period of 19 days.  Marked he~Hng shown in radiogram.  Rib shows extensive 
recalcification  d  preparatory cartilage, and of perichondral and cortical ostedd; 
marked dilatation of blood vessels (~r).  Pale cartilage cells may be seen at A. 
Silver nitrate-safranine. 
FIO.  I0.  Rat 660.  28 days on Diet 84.  Then given daily treatment with 
slightly active preparation of cod liver oil, Fraction 23, for a period of 36 days. 
Rib  shows  moderately  advanced healing.  Complete recalcification  of zone of 
preparatory cartilage, with areas of resorption, and great widening  of blood  sin- 
uses.  Calcification  of perichondral osteoid.  Silver nitrate-safrardne. 
PLATE 25. 
FIG. 11.  Rat  189.  36  days on Diet 84.  Then given daily treatment with 
cod liver oil, Fraction 12, for a period of 9 days.  Rib shows callus about fracture 
(F), with beginning calcification  of cartilage.  In untreated rats on Diet 84, the 
callus remains calcium-free.  Silver nitrate-hematoxylin-Van Gieson. ALWIN M. PAPPENHEI~W,R  355 
FIG. 12.  Rat 647.  30  days on Diet 84.  Then given daily treatment with 
cod liver oil, Fraction 24-A (active preparation), for 11 days.  Advanced healing. 
A large part of the preparatory cartilage, following calcification of the matrix, has 
been eroded and replaced by wide blood sinuses.  Osteoid tissue is still present 
in the distal portion of the metaphysis.  Silver nitrate-safr~ine. 
PnATV. 26. 
FIO.  13.  Rat 646.  30  days on Diet 84.  Then given daily treatment with 
cod  liver  oil,  Fraction  24-A,  for  a  period  of  11  days.  Advanced  healing. 
Included cartilage cells in secondary spongiosa (Sp2).  Hematoxylin-eosin. 
FIG. 14.  Rat 846.  32 days on Diet 84.  Then given treatment with cod liver 
oil, Fraction 31-1) (active preparation), for 19 days.  Rib shows  virtually com- 
plete healing.  A new zone of preparatory calcification  and spongiosa have been 
reconstituted,  and  recalcifieation  is  everywhere complete.  Traces  of  previous 
rachitic deformity are still  evident in the fusiform swelling, irregularity of trabe- 
cul~e, and thickening of cortex at the site of  the  original  rachitic  metaphysis. 
Hematoxyllnoeosin. 
PnArg  27. 
FIG. 15.  Rat 653.  28  days on Diet 84.  Then given daily treatment  with 
cod liver oil, Fraction 21, for a period of 30 days, followed by Fraction 24 for 20 
days.  The progressive healing of the rachitic lesions is shown in Fig. 16, a  to e. 
Initial weight 42 gin.; maximal weight (36th day) 56 gin.; terminal weight 43 gin. 
Rib  shows  marked osteoporosis.  Zone of preparatory calcification  reduced  to 
two  cells;  matrix calcified;  primary  spongiosa  fused,  trabecul~  rudimentary; 
cortex thinned, no visible osteoid border; secondary spongiosa defective.  Hema- 
toxylin-eosin. 
~G.  16, a  to e.  Rat 653.  Radiograms taken before,  and  on  the  5th,  10th, 
36th, and 49th days after beginning treatment. 
PLATE 28. 
FIG. 17.  Rat 962.  31 days on Diet 84.  5 drops of  cod  liver  oil  daily  for 
10 days.  Rib shows fracture (F) with bone formation in callus (A).  Remains of 
cartilage at C; recalcification  of osteoid at Ca.  Hematoxylin-eosin. 
FIG.  18.  Rat 664.  Hyaline droplets in  cartilage cells.  Hematoi~ylln-eosin. 
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